Although bystin has been identified as a protein potentially involved in embryo implantation (a process unique to mammals) in humans, the bystin gene is evolutionarily conserved from yeast to humans. DNA microarray data indicates that bystin is overexpressed in human cancers, suggesting that it promotes cell growth. We undertook RT (reverse transcription)-PCR and immunoblotting, and confirmed that bystin mRNA and protein respectively are expressed in human cancer cell lines, including HeLa. Subcellular fractionation identified bystin protein as nuclear and cytoplasmic, and immunofluorescence showed that nuclear bystin localizes mainly in the nucleolus. Sucrose gradient ultracentrifugation of total cytoplasmic ribosomes revealed preferential association of bystin with the 40S subunit fractions. To analyse its function, bystin expression in cells was suppressed by RNAi (RNA interference). Pulse-chase analysis of ribosomal RNA processing suggested that bystin knockdown delays processing of 18S ribosomal RNA, a component of the 40S subunit. Furthermore, this knockdown significantly inhibited cell proliferation. Our findings suggest that bystin may promote cell proliferation by facilitating ribosome biogenesis, specifically in the production of the 40S subunit. Localization of bystin to the nucleolus, the site of ribosome biogenesis, was blocked by low concentrations of actinomycin D, a reagent that causes nucleolar stress. When bystin was transiently overexpressed in HeLa cells subjected to nucleolar stress, nuclear bystin was included in particles different from the nuclear stress granules induced by heat shock. In contrast, cytoplasmic bystin was barely affected by nucleolar stress. These results suggest that, while bystin may play multiple roles in mammalian cells, a conserved function is to facilitate ribosome biogenesis required for cell growth.
Although bystin has been identified as a protein potentially involved in embryo implantation (a process unique to mammals) in humans, the bystin gene is evolutionarily conserved from yeast to humans. DNA microarray data indicates that bystin is overexpressed in human cancers, suggesting that it promotes cell growth. We undertook RT (reverse transcription)-PCR and immunoblotting, and confirmed that bystin mRNA and protein respectively are expressed in human cancer cell lines, including HeLa. Subcellular fractionation identified bystin protein as nuclear and cytoplasmic, and immunofluorescence showed that nuclear bystin localizes mainly in the nucleolus. Sucrose gradient ultracentrifugation of total cytoplasmic ribosomes revealed preferential association of bystin with the 40S subunit fractions. To analyse its function, bystin expression in cells was suppressed by RNAi (RNA interference). Pulse-chase analysis of ribosomal RNA processing suggested that bystin knockdown delays processing of 18S ribosomal RNA, a component of the 40S subunit. Furthermore, this knockdown significantly inhibited cell proliferation. Our findings suggest that bystin may promote cell proliferation by facilitating ribosome biogenesis, specifically in the production of the 40S subunit. Localization of bystin to the nucleolus, the site of ribosome biogenesis, was blocked by low concentrations of actinomycin D, a reagent that causes nucleolar stress. When bystin was transiently overexpressed in HeLa cells subjected to nucleolar stress, nuclear bystin was included in particles different from the nuclear stress granules induced by heat shock. In contrast, cytoplasmic bystin was barely affected by nucleolar stress. These results suggest that, while bystin may play multiple roles in mammalian cells, a conserved function is to facilitate ribosome biogenesis required for cell growth.
INTRODUCTION
Embryo implantation is an essential step in the early phase of mammalian development [1] . In humans, a fertilized egg grows into the blastocyst, attaches to the endometrial epithelium of the uterus and aggressively invades maternal uterine tissue, a process required for development of the placenta [2] . Histological studies indicate similarities between embryo implantation and metastasis and invasion of malignant tumours [3] . For example, a family of cell-adhesion molecules, integrins, functions in the angiogenesis of implantation and metastasis [4] . Therefore analysis of implantation mechanisms can shed light on cancer progression.
An intrinsic membrane protein, trophinin, mediates homophilic cell adhesion [5] . Because it is expressed on the apical surfaces of the trophectoderm of the blastocyst and endometrium at the period of implantation, adhesion mediated by trophinin is considered to be the first step in embryo implantation followed by invasion of human embryos [5] . In addition to its implantation role, trophinin is up-regulated in testicular germ cell tumours and probably functions in tumour metastasis [6] . Trophinin forms a functional complex with two cytoplasmic proteins, tastin and bystin [5, 7, 8] . Both render trophinin an active cell-adhesion molecule. Tastin and bystin exhibit no known functional domain or motif, and their properties and regulation are still largely uncharacterized.
Embryo implantation is unique to mammals. Our genetic database search shows no genes encoding homologues of the trophinin (TRO) and tastin (TROAP) genes in organisms other than mammals. In contrast, the human bystin gene (BYSL) has homologues in other eukaryotes. Homologues of the bystin gene are also found in Drosophila and budding yeast (Saccharomyces cerevisiae) and designated bys [9] and ENP1 [10] respectively. Because the amino acid sequence similarity of the human, Drosophila and yeast protein products is very high [11] , fly Bys and yeast Enp1 proteins are considered to be orthologues of mammalian bystin.
Drosophila Bys shows a dynamic expression pattern compatible with a role in cell-cell interaction and proliferation [9] . Both human bystin and fly Bys are targets of the growth-regulating transcription factor, Myc [9, 12] . Enp1 has been identified as an essential nuclear protein in yeast [10] . A temperature-sensitive Enp1-null mutant showed defective processing of rRNA, although expression of human bystin did not complement the yeast null mutant [11] . The mouse bystin gene (Bysl) is up-regulated in activated blastocysts [13] and is down-regulated during early myoblast differentiation, coincident with cell cycle withdrawal [14] . Targeted disruption of the Bysl gene in mouse results in embryonic lethality shortly after implantation [15] . These results collectively suggest that bystin plays a universal role in cell proliferation and that, in higher organisms, it has additional functions, some of which may be related to cell adhesion.
Recent DNA microarray data have revealed the expression patterns of bystin in multiple human cells and tissues (probe name for bystin, 203612 at; LSBM database, http://www.lsbm.org/ site e/database/index.html). A publicly available database shows that levels of bystin mRNA are relatively low in normal human tissues, consistent with a previous report [7] , but expression of the bystin gene increases in cancer cells in various tumour types. Other microarrays analysing surgical specimens of breast tumours have identified bystin in the 'proliferation cluster' [16] .
These observations prompted us to investigate bystin's role in proliferation of cancer cells. In the present study, we show that bystin in human cancer cells plays a role in ribosomal biogenesis, specifically in the processing of 18S rRNA to produce the 40S subunit.
EXPERIMENTAL

Antibodies
Polyclonal anti-bystin antibody was raised in rabbits against a synthetic peptide, MEKLTEKQTEVETVC (corresponding to human bystin amino acid residues 152-165) conjugated to KLH (keyhole-limpet haemocyanin) for immunization (the cysteine added for conjugation is underlined) [15] . For affinity purification, rabbit antiserum was absorbed on the antigen peptide linked to agarose beads prepared using SulfoLink coupling gel (Pierce Biotechnologies), eluted with 0.2 M glycine/HCl, pH 2.4, and immediately neutralized with 1 M Tris/HCl, pH 8.5. The following antibodies were purchased: mouse monoclonal anti-FLAG tag antibody (M2) and anti-α-tubulin antibody from Sigma; mouse monoclonal anti-[F 1 F 0 ATP synthase (complex V) β subunit] antibody from MitoSciences; mouse monoclonal anti-fibrillarin antibody from EnCor Biotechnology; rat monoclonal anti-HSF1 (heat-shock factor 1) antibody from Upstate; rabbit polyclonal anti-ribosomal protein L10/QM antibody (C-17) from Santa Cruz Biotechnology; rabbit polyclonal anti-(ribosomal protein S6) antibody and anti-[phospho-S6 ribosomal protein (Ser 240 / Ser 244 )] antibody from Cell Signaling Technology; and mouse monoclonal anti-SC35 antibody from BD Biosciences.
Cell culture
Human cell lines of HeLa (cervical carcinoma), Jurkat (T-cell leukaemia), MCF-7 (breast carcinoma), U-937 (monoblastic leukaemia), YMB-1 (breast carcinoma) and HEK-293T (human embryonic kidney) were cultured at 37
• C as described [8, 17] . For nucleolar stress experiments, HeLa cells were treated with 10 ng/ml (8.0 nM) ActD (actinomycin D) (Sigma) (from a stock solution of 1.0 mg/ml in DMSO) for 24 h. Control cells were treated with the same volume of vehicle. For heat shock, cells were treated at 42
• C for 30 min. For treatment with rapamycin, cells were incubated for 24 h with 20 nM rapamycin (dissolved in DMSO) (LC Laboratories). Controls cells were treated with the same volume of DMSO.
Plasmids and transfections
An IMAGE cDNA clone (accession no. BC050645; clone ID 6011459), encoding 50 kDa bystin (accession no. NM 004053) [15] , was identified by searching EST (expressed sequence tag) databases and was obtained from Invitrogen. The open reading frame was amplified by PCR using forward primer 5 -TTT-GAATTCGAGAAAAATGCCCAAATTC-3 (EcoRI site underlined) and reverse primer 5 -TTTGGTACCTCCACGGTGATGG-GAACA-3 (KpnI site underlined) and inserted between EcoRI and KpnI sites of pFLAG vector (Sigma) to overexpress Cterminally FLAG-tagged bystin in mammalian cells. Cells were transfected using Lipofectamine TM Plus (Invitrogen) according to the manufacturer's instructions.
RT (reverse transcription)-PCR
Isolation of total RNA with TRIzol ® reagent (Invitrogen), deoxyribonuclease I (Invitrogen) treatment, and RT using Superscript II and an oligo(dT) 12−18 primer (Invitrogen) were described previously [18] . Partial cDNA (177 bp) of human bystin was amplified by PCR from the RT products as follows. PCR primers were 5 -CTGGTTCAAAGGGATCCTGA-3 (forward) and 5 -AGTCG-CAGGAAGATGCTGTT-3 (reverse). Amplification was carried out using rTaq DNA polymerase (Takara) and the following protocol: denaturation at 94
• C for 4 min, and 30 cycles of denaturation at 94
• C for 1 min, annealing at 60 • C for 1 min and extension at 72
• C for 1 min. Products were analysed on agarose gels, isolated and sequenced as described in [18] .
Immunoblotting
Proteins were separated by SDS/PAGE, electroblotted on to Immobilon membranes (Millipore), reacted first with primary antibodies and then with horseradish-peroxidase-conjugated secondary antibodies, and detected using the ECL ® (enhanced chemiluminescence) detection system (GE Healthcare) as described in [17, 18] , except for two modifications using the antibystin antibody. First, the Can-Get-Signal reagent (Toyobo) was used to dilute primary and secondary antibodies. Also, horseradish-peroxidase-conjugated mouse monoclonal antibody against rabbit immunoglobulin G (light-chain-specific) (Jackson ImmunoResearch Laboratories) was used as the secondary antibody.
For peptide-blocking experiments, anti-bystin antibody (2 µg) was mixed with immunogen peptide (8 µg in water) and incubated for 15 h at 4
• C. Controls were treated similarly with an unrelated peptide. Mixtures were centrifuged at 14 000 g for 15 min at 4
• C, and supernatants were subjected to immunoblotting.
Band intensities of immunoblots were evaluated by using an image analyser (the Cool Saver AE-6955 detection system including the CS Analyzer software; Atto). Statistical analysis (twosample Student's t test for independent samples) was conducted to evaluate expression levels.
Subcellular fractionation
All procedures were based on published methods [19] . Adherent cells in a 90-mm-diameter dish were harvested and washed with PBS. Washed cells were suspended in 2 ml of 10 mM Tris/HCl, pH 7.4, containing 10 mM NaCl and 1.5 mM MgCl 2 , kept on ice for 10 min and homogenized with a tight-fitting glass Dounce homogenizer (Wheaton Science Products). Homogenization was verified by phase-contrast microscopy, 1 mM PMSF (Sigma) and phosphatase inhibitor cocktails 1 and 2 (Sigma) were added, and homogenates were centrifuged at 1000 g for 3 min at 4
• C. The nuclear fraction pellet was collected, and the supernatant was centrifuged at 2000 g for 30 min at 4
• C. The second pellet (mitochondrial fraction plus lysosomes) was collected, and the second supernatant was ultracentrifuged at 50 000 rev./min for 60 min at 4
• C in a TLA-100.3 fixed-angle rotor (Beckman), yielding the microsome/ribosome (P100) pellet and the cytoplasmic S100 supernatant. Proteins in the supernatant were precipitated with cold acetone (final concentration 80 %). Fractions were boiled in SDS/PAGE sample buffer and immunoblotted.
Immunofluorescence
Cells on coverslips were fixed with cold methanol for 10 min at − 20
• C or paraformaldehyde and stained with primary antibodies and Alexa Fluor ® 488-and Alexa Fluor ® 568-conjugated secondary antibodies (Invitrogen) as described [8, 20] . Cells were observed under a confocal laser-scanning microscope (LSM5 Pascal, Carl Zeiss). For peptide-blocking experiments, anti-bystin antibody was treated with the peptide used as immunogen or with irrelevant peptides before cell staining, as in a similar manner as for immunoblotting.
Ribosome analysis
Total cytoplasmic ribosomes were isolated according to previous reports [17, 21] with modifications. Cells in ten 90-mm-diameter dishes were cultured for 10 min in the presence of 5 µg/ml cycloheximide (Sigma), harvested, washed with PBS and lysed for 15 min on ice with 2.5 ml of buffer C (20 mM Tris/HCl, pH 7.5, containing 0.1 M KCl, 5 mM MgCl 2 , 10 mM 2-mercaptoethanol and 10 µg/ml cycloheximide), to which was added 1 % Triton X-100, 0.25 M sucrose, 1 mM PMSF and 100 units/ml human placental ribonuclease inhibitor (Wako). Lysates were centrifuged at 15 000 g for 10 min to collect the post-mitochondrial supernatants. Ultracentrifuge tubes (model no. 349622; Beckman) were filled with 1.4 ml of buffer C containing 1.0 M sucrose. The post-mitochondrial supernatants (no more than 1.4 ml per tube) were added as the top layer. Tubes were centrifuged in a TLA-100.3 fixed-angle rotor at 80 000 rev./ min for 22 h at 4
• C. Pellets were washed briefly with 5 mM Tris/ HCl, pH 7.5, containing 50 mM KCl and 1.5 mM MgCl 2 and suspended in the same buffer. The concentration of isolated ribosomes was determined as described in [21] .
Isolated ribosomes (approx. 1.2 mg per tube) were layered on to linear gradients of 15-30 % sucrose in buffer C in ultracentrifugation tubes (model no. 344059; Beckman) and ultracentrifuged in a SW41Ti swinging-bucket rotor (Beckman) at 37 000 rev./min for 3 h at 4
• C. Gradients were analysed by passing the contents through the single-path UV-1 optical unit (GE Healthcare) connected to a REC-482 chart recorder (GE Healthcare) to monitor absorbance at 254 nm. Fractions of 0.5 ml were collected, and proteins in fractions were precipitated using 10 % trichloroacetic acid, washed with cold ethanol, boiled in SDS/PAGE sample buffer and immunoblotted.
RNAi (RNA interference)
siRNA (small interfering RNA) duplex siBys-D, designed and synthesized by iGene, was targeted to the following sequence of human bystin cDNA: 5 -CCATAGAGATGTTCATGAACAAG-AA-3 . siRNA duplex siBys-G, designed and synthesized by BBridge International, was targeted to the following sequence of human bystin cDNA: 5 -CGAAATCAGGCGTGAGCTT-3 . As control duplex RNA, siLuc (iGene) corresponding to nucleotides 509-533 of firefly luciferase cDNA (accession no. M15077) was used. AG and UA 3 -overhangs were added to sense and antisense duplex strands respectively in siBys-D and siLuc. TT 3 -overhangs were added to both duplex strands in siBys-G. Duplexes were dissolved at 50 µM in ribonuclease-free water, divided into aliquots and stored at − 80
• C until use. For transfection, cells were cultured in six-well plates in antibiotic-free medium. OptiMEM (Invitrogen) was warmed at 37
• C before use. siRNA duplexes (1 µl) were diluted into 180 µl of OptiMEM in a 1.5 ml tube. In another tube, 4 µl of Oligofectamine (Invitrogen) was added to 16 µl of OptiMEM and incubated for 5 min at room temperature (23 • C). Solutions were mixed and incubated for 20 min at room temperature. After changing the medium to OptiMEM (0.8 ml per well), OptiMEM (200 µl) was combined with the mixture, added to cells and incubated for 4 h. Finally, cells were cultured in normal medium.
Pulse-chase analysis of rRNA processing
Cells in six-well plates were pre-incubated in methionine-free medium for 15 min at 37
• C and pulse-labelled with 50 µCi/ml of [methyl-
3 H]methionine [22] purchased from GE Healthcare for 30 min. Chase was initiated by a change to medium with 150 µg/ ml unlabelled methionine. At chase time points, total RNA was isolated from cells using TRIzol ® and quantified by absorbance at 260 nm. RNA (2.5 µg per lane) was separated on polyacrylamideagarose composite gels as described in [23] , with modifications: (i) 0.1 % N,N -diallyltartardiamide (Avocado Organics) was added to a 29 % acrylamide/1 % N,N -methylenebisacrylamide stock solution to increase gel stability [24] , and (ii) gels were composed of 1.5 % polyacrylamide and 0.7 % agarose. Gels were then immersed in En 3 Hance (NEN/PerkinElmer) for 60 min and then in cold 1% glycerol for 60 min, placed on Whatman 3MM CHR paper, dried at room temperature and exposed to X-OMAT film (Kodak) for 7 days at − 80
• C.
Effects of RNAi on cell proliferation
HeLa cells grown in six-well plates were transfected with 50 nM siRNA duplexes as described above, and cultured for 96 h in normal medium. Toxic duplex, siTox (siCONTROL TOX Transfection Control [25] ), was purchased from Dharmacon, and transfected in the same manner, except that the final duplex concentration was 100 nM [25] , to evaluate transfection efficiency. After washing with PBS, adherent cells were trypsinized, and numbers were counted using a haematocytometer. The data were statistically evaluated by the two-sample Student's t test.
RESULTS
Expression of bystin in human cancer cell lines
DNA microarrays indicate that bystin is overexpressed in human cancer cell lines. To confirm this, total RNAs were collected from a transformed human embryonic kidney epithelia line, HEK-293T, and spontaneous human cancer cell lines, including three lines of adherent cells (HeLa, MCF-7 and YMB-1) and two lines of non-adherent cells (Jurkat and U-937). As shown in Figure 1(A) , bystin expression was confirmed by RT-PCR. Sequencing of the PCR products confirmed the expected amplification of bystin (results not shown). Expression of bystin protein was determined by immunoblotting with affinity-purified anti-bystin antibody, which indicated that all cell lines expressed a specific 50 kDa protein ( Figure 1B) , an observation consistent with the calculated molecular mass, 49.6 kDa, of full-length human bystin, which is composed of 437 amino acids [15] . Although human bystin was originally reported to be a protein with 306 amino acids, subsequent study revealed that this was a truncated form [11] . When a vector harbouring C-terminally FLAG-tagged bystin was transiently transfected into HeLa cells, overexpressed protein showed mobility close to 50 kDa (left-hand blot of Figure 1C) . Furthermore, reactivity of the anti-bystin antibody with the 50 kDa band was blocked by pre-treatment of the antibody with the immunogen peptide (right-hand blot of Figure 1C ). Therefore the 50 kDa band detected by the anti-bystin antibody is likely to be human bystin protein. Our data support the observation that bystin is overexpressed in various human cancer cells.
Endogenous bystin in HeLa cells localizes to the nucleus and cytoplasm
Previous observations indicate that bystin protein is primarily cytoplasmic in trophoblastic and placental cells [7, 26] . We chose HeLa cells to determine bystin localization in human cancer cells, since this line apparently expresses no active trophinin: DNA microarrays indicate that trophinin expression level is low (probe name for trophinin, 211700 s at; LSBM database) and apical and homophilic cell adhesion characteristic of trophinin-mediated adhesion is not seen in this line [5] . HeLa cells were lysed and fractionated by differential centrifugation ( Figure 2, lanes 1-4) . Successful fractionation was confirmed using appropriate markers. Bystin was clearly detected in nuclei and in the P100 and cytoplasmic S100 fractions. Similar localization was observed in HEK-293T cells (Figure 2, lanes 5-8) . Occasionally, bystin reactivity was seen as multiple bands (Figure 2, lanes 4 and 8) , possibly due to partial degradation occurring during fractionation. Nonetheless, the results (Figure 2 ) suggest that bystin proteins localize to the cytoplasm and nuclei of HeLa cells.
Nuclear bystin is present primarily in the nucleolus
To analyse bystin localization further, immunofluorescence using anti-bystin antibody was performed. HeLa cells were fixed with cold methanol and stained with the anti-bystin antibody. Strong positive signals were detected within the nucleus and weak signals were detected in the cytoplasm ( Figure 3A) . These positive signals disappeared by pre-treatment of the anti-bystin antibody 4) and HEK-293T (lanes 5-8) cells were subjected to subcellular fractionation as indicated (see the Experimental section). Each fraction was analysed by immunoblotting with the antibodies indicated on the right. Markers used were fibrillarin for nuclei (nuc.), F 1 F 0 ATP synthase (complex V) β subunit for mitochondria (mito.), ribosomal protein S6 for P100 and α-tubulin for cytoplasmic S100.
with the immunogenic peptide, which supports specific reactivity of this antibody in immunofluorescence ( Figure 3C ). Staining patterns were similar when cells were fixed with paraformaldehyde (results not shown). Although association of bystin with cytokeratin has been observed in other cell types [7] , no filamentous structure suggestive of an association of bystin with cytokeratin was detected in HeLa cells.
Under normal culture conditions, bystin was seen in large globular structures in the nucleus, in addition to uniform staining in the nucleoplasm. To identify the globular structures, double immunostaining with anti-bystin antibodies and antibodies for the nucleolar marker fibrillarin/Nop1 and the marker for speckles, SC35, was undertaken ( Figure 3B ). Fibrillarin is included in nuclear substructures of the nucleolus [27] , while speckles, including those positive for SC35, are sites of mRNA splicing [28] . Bystin co-localized with fibrillarin, but not with SC35, indicating that bystin is mainly located in the nucleolus, a finding consistent with proteomics analysis of nucleolar proteins [29] .
Some extranuclear bystin associates with the ribosomal 40S subunit, but not with the 80S monosome or polysomes
Bystin was detected in the nucleolus ( Figure 3B ), whose main function is ribosome biogenesis [27] . Subcellular fractionation also showed co-sedimentation of bystin with the ribosomal S6 protein (Figure 2) . Hence, we asked whether bystin associates with ribosomes. Total cytoplasmic ribosomes were collected from a HeLa cell lysate and fractionated by sucrose-gradient ultracentrifugation (Figure 4 ). Each fraction was examined for bystin, S6 as part of the 40S subunit and L10 as part of the 60S subunit. In addition to being found in monosome and polysome fractions, S6 and L10 were present in fractions of 40S and 60S subunits respectively, confirming successful fractionation. Bystin was detected in fractions, including 40S subunits, but not in other ribosomal fractions, including those containing actively translating polysomes. These results suggest that, in HeLa cells, bystin protein is included in the 40S subunit in the cytoplasm, but dissociates from the subunit before initiation of translation. 
Figure 4 Bystin in ribosomal fractions
Upper panel: total cytoplasmic ribosomes (from lysates of HeLa cells) were fractionated by sucrose density gradient centrifugation, and RNA was detected by absorbance (Abs) at 254 nm. Lower panels: fractions were immunoblotted using the antibodies indicated on the right. Ribosomal proteins L10 and S6 are markers of the 60S and 40S subunits respectively. The input comes from 5 % of the unfractionated ribosomes. Note that bystin was detected in fractions with ribosomal 40S subunits, but not those containing polysomes.
Bystin knockdown causes a delay in rRNA processing and inhibited cell proliferation
Studies of budding yeast indicate that ribosome biogenesis begins in the nucleolus and that precursors of the 40S and 60S subunits are separately exported from the nucleus through nuclear pores [30] . Maturation of the 40S subunit, including final processing of 18S rRNA, occurs in the cytoplasm in both yeast [30] and HeLa cells [31] . The finding that bystin is present in the nucleolus and associates with the 40S subunit, probably with cytoplasmic pre-40S particles [31] , suggests that it functions in biosynthesis. To test this hypothesis, RNAi was used to evaluate effects of its loss of function.
Six siRNAs were designed and transiently introduced into HeLa cells by lipofection. Bystin protein levels were examined by immunoblotting, which showed that siBys-D and siBys-G suppressed expression of bystin protein ( Figure 5A ). Relatively constant expression of α-tubulin after transfection with siBys-D and siBys-G or bystin after transfection of control siLuc indicated that effects of siBys-D and siBys-G were specific.
rRNA precursors are processed and modified in the nucleolus [30, 32] . The effect of bystin RNAi on rRNA processing was evaluated by pulse-chase analysis of ribosomal components (Figure 5B) . In HeLa cells, 5.8S, 18S and 28S rRNAs are generated from a 45S transcript via two pathways ( Figure 5C ) [33] . In samples from cells transfected with siBys-D or siBys-G, a band intermediate in size between 18S and 28S rRNAs was intensified in each panel (arrows, Figure 5B ). Among the intermediates observed ( Figure 5C ), a 21S rRNA product accumulated between 18S and 28S rRNAs in these. Because 21S rRNA is a precursor of 18S rRNA in either of the two alternative pathways, bystin may function in processing of the 18S rRNA in the 40S subunit.
Since ribosome biogenesis is important factor for cancer cell growth [34] , effects of bystin siRNA on viability of HeLa cells were evaluated. Knockdown of bystin by siBys-D and siBys-G significantly reduced cell proliferation ( Figure 5D ). Collectively, our data suggest that bystin promotes cell proliferation by facilitating ribosome biogenesis, specifically in the production of the 40S subunit.
Bystin disappears from the nucleolus under nucleolar stress, while free or cytosolic bystin is unaffected
If bystin functions in rRNA processing, its localization may change when ribosome biogenesis is inhibited. The initial 45S prerRNA is transcribed from repetitive rDNAs by RNA polymerase I in the nucleolus [27] . To determine the relationship between bystin and ribosome biogenesis, we employed so-called nucleolar stress mediated by ActD, which, at low levels, selectively inhibits RNA polymerase I [35, 36] .
As described in [37] , treatment of HeLa cells with ActD caused shrinkage of nucleoli, as visualized by the marker protein, fibrillarin ( Figure 6A ). Under these stress conditions, bystin was not detected in the nucleolus. To confirm this observation biochemically, bystin levels were determined by immunoblotting after subcellular fractionation ( Figure 6B ). No bystin was detected from nuclear or P100 fractions under nucleolar stress conditions, whereas other marker proteins, including fibrillarin and ribosomal protein S6, remained in these fractions. The apparently specific disappearance of bystin suggests a rapid response to the state of ribosome biogenesis. In contrast, bystin levels in the S100 (cytosol) fraction were relatively constant under these conditions.
To monitor localization of bystin proteins associated with ribosome biogenesis, C-terminally FLAG-tagged bystin protein was overexpressed in HeLa cells, and cells were treated with ActD. Without treatment, bystin-FLAG localized mainly to the nucleolus (lower panels of Figure 7A ). Under stress conditions, bystin-FLAG was not detected in the segregated nucleolus and instead formed particle-like structures in the nucleoplasm (arrows, upper panels of Figure 7A ).
Nuclear stress-induced granules that include HSF1 have been reported under other stress conditions, such as heat shock [38] . Under heat-shock conditions, endogenous bystin localization was unchanged, and neither did bystin co-localize with HSF1 ( Figure 7B) . Also under nucleolar stress conditions, bystin-FLAG did not co-localize with HSF1: bystin-FLAG was seen as small nuclear particles, but HSF1 was spread throughout nuclei (Figure 7C) . These results suggest the following conclusions: (i) under nucleolar stress, bystin is rapidly released from the nucleolus and moves to small particles within the nucleus; (ii) particles including bystin are specific to nucleolar stress; and (iii) bystin-containing particles differ from nuclear stress-induced and HSF1-containing granules.
mTOR (mammalian target of rapamycin) may regulate bystin expression in cancer cells
Ribosome biogenesis is dependent on mTOR activity, which is induced by growth factors and nutrients [39, 40] . To find a link between mTOR and bystin, effects of inhibition of mTOR in cancer cells were examined using rapamycin. Phosphorylation of ribosomal protein S6 has been reported to be stimulated by mTOR [41] . Our data indicate that the levels of phosphorylated S6 were reduced in rapamycin-treated HeLa cells and HEK-293T cells ( Figure 8A ). The expression of bystin was also significantly reduced by rapamycin treatment ( Figure 8B ). Similar reduction was detected for a nucleolar protein involved in ribosome biogenesis, fibrillarin, and a ribosomal component, S6.
The immunoblotting data (Figure 8 ) support the involvement of bystin in ribosome biogenesis. However, comparing the prominent effect of TOR (target of rapamycin) on rRNA transcription by RNA polymerase I demonstrated in yeast and mammalian cells [40] , the effects of rapamycin on bystin, fibrillarin and ribosomal S6 ( Figure 8B ) are somewhat weak. In the previous study by others, expression of genes of ribosomal proteins in yeast is determined at the transcriptional level using TOR [39] , whereas these genes in higher eukaryotes are under both transcriptional and translational controls [41, 42] . Nonetheless, our data suggest that bystin is likely to be involved in the mTOR signalling pathway.
DISCUSSION
The process of ribosomal biogenesis differs significantly between prokaryotes and eukaryotes despite functional conservation of the ribosome in protein synthesis. In bacteria, the ribosome can self-assemble and be reconstituted in vitro [43] . In budding yeast, ribosome synthesis is assisted by more than 150 non-ribosomal proteins, many of which are essential for growth [30, 44] . These non-ribosomal factors have homologues in other species, and some share properties with mammalian pre-ribosomal complexes [32] . Some human factors, including fibrillarin [45] , can complement, at least partially, yeast strains with mutations in their orthologues. Hence, an elaborate system for biogenesis is probably conserved in eukaryotes, including humans. Recent studies show that cancer progression depends on ribosome biogenesis. For example, pathways in ribosome synthesis are regulated by the well-known tumour suppressors, pRb (retinoblastoma family protein) and p53 [34] . Compounds such as rapamycin, which are known to inhibit ribosome biogenesis and translation initiation, are recognized as effective anticancer drugs [46] . Therefore defining factors and pathways involved in ribosome biogenesis is of strategic importance for cancer therapy. Just as many antibiotics interfere with the formation of the prokaryotic ribosome [47] , biogenesis of the human ribosome could be a good target to antagonize malignant neoplasms.
Several lines of evidence presented here indicate that bystin functions in ribosome biogenesis in human cells. (i) Bystin is located in the nucleolus, the organelle where ribosomal biogenesis takes place (Figure 3 ). (ii) Bystin is associated with the cytoplasmic 40S subunit, a component of the 80S monosome, before translation is initiated (Figure 4) . (iii) Down-regulation of bystin delays processing of the 18S rRNA or mature form required for protein translation, which resulted in compromised cell viability ( Figure 5 ). (iv) Inhibition of mTOR activity suppressed the expression of bystin (Figure 8) . Furthermore, nucleolar bystin and bystin associated with the 40S subunit both disappear under (B) Untransfected HeLa cells were incubated at 42 • C for 30 min to induce heat shock. Cells were stained with antibodies to detect endogenous bystin (red) and HSF1 (green). HSF1 is a marker of nuclear stress-induced granules. Nuclear stress-induced granules containing HSF1 are indicated by arrowheads. Note that bystin localization is unchanged under heat-shock conditions. (C) HeLa cells transiently overexpressing bystin-FLAG were treated with ActD and stained with antibodies against bystin (red) and HSF1 (green). Note that the particles containing bystin do not co-localize with HSF1. Scale bars, 5 µm. DIC, differential interference contrast.
conditions of nucleolar stress (Figure 6 ), suggesting that bystin in both locations is functionally linked. Bystin may be associated with a precursor of the 40S subunit, a pre-40S particle, in the nucleolus and exported with these particles through nuclear pores, where it dissociates from particles in the cytoplasm at very late phases of subunit synthesis, as has been shown by Enp1 studies [48] . Given the dependence of cancer cell growth on ribosome biogenesis, high expression of bystin in cancer cells (Figure 1 ) may contribute to proliferation, a hypothesis supported by the fact that the bystin gene is amplified in diffuse large B-cell lymphoma [49] .
Although bystin exhibits activities similar to Enp1 [11, 48] , Enp1-null yeast mutant phenotypes cannot be complemented with human bystin [11] . rRNA processing pathways in multicellular organisms reportedly diverge from those seen in yeast [50] , and bystin's precise activity across species has probably been modified in the course of evolution. In higher organisms, at very early developmental stages, embryos grow rapidly after implantation, and rapid synthesis of the primary translational machinery, the ribosome, is required. Nonetheless, evidence linking ribosome biogenesis with early development has been sparse until now. Our data, together with distribution of Drosophila Bys in proliferative embryonic tissues [9] and up-regulation of the mouse bystin homologue in activated blastocysts [13] and the epiblast [15] support a role for bystin in ribosome biogenesis. Comparing the activities of bystin orthologues may identify species-specific functions of bystin family members in rRNA processing and new regulatory mechanisms in ribosome biogenesis.
We found, biochemically, a substantial amount of cytoplasmic bystin protein in HeLa cells (Figure 2 ). Thus paradoxical weak immunostaining of cytoplasmic bystin ( Figure 3A ) may be caused by the following: (i) the epitope recognized by anti-bystin antibody may be inaccessible when bystin is associated with the 40S subunit ( Figure 4) ; and (ii) bystin not associated with the 40S subunit may be diluted in a large cytoplasmic region. Cytoplasmic localization of bystin contrasts with the almost exclusively nuclear localization of Enp1 seen in yeast cells [11, 48, 51] . Comprehensive proteomics analysis of yeast nuclear proteins shows that nuclear proteins are not stored in the cytoplasm [48, 51] . It is known that newly synthesized ribosomal proteins in the cytoplasm are immediately transported to the nucleolus (see [20] and references therein). Indeed, no cytoplasmic pool was detected for nucleolar fibrillarin and ribosomal S6 in the present study (Figure 2, lanes 4 and 8) . Thus bystin's cytoplasmic localization far from the nucleolus may be unique. Because bystin expression levels in the cytosol (S100 fraction) were unchanged following ActD treatment (compare lanes 4 and 8 in Figure 6B ), cytosolic bystin may play a role other than ribosomal biogenesis. Previously, it was shown that bystin functions in cell adhesion during human embryo implantation [7, 26] . Also, in prostate cancer, bystin was found in prostate cancer cells adhering to neuronal cells [52] . Drosophila bys mRNA has been reported to be expressed in a pattern suggesting a role in cell-cell contact [9] . The precise function of cytoplasmic bystin thus awaits further investigation.
We have also shown bystin in undefined nuclear particles following ActD treatment (Figure 7 ). Although these particles were observed under overexpression conditions, nucleolar stress-induced particles appear specific to bystin. Because there are no membrane boundaries within the nucleus, factors can be exchanged dynamically. As nuclear stress granules can serve as storage sites for transcription factors [38] , factors used in ribosome biogenesis shuttle between the nucleolus and nucleoplasm [30] . Given the dependence of cell proliferation on ribosome biogenesis, when biogenesis is halted by nucleolar stress, this system may allow rapid resynthesis upon release from stress. Proteomic analysis of particles including tagged bystin may identify their contents, as has been shown with other nuclear particles [29, 53] . Currently, the mechanism underlying such trafficking of bystin under nucleolar stress is unknown.
In summary, we have shown that bystin probably functions in ribosome biogenesis through 18S rRNA processing in mammalian cells. Given that ribosome biogenesis is coupled to cellular growth, the idea that bystin is up-regulated in cancer cells is logical. Further analysis of bystin together with Enp1 and Bys should provide new insight for understanding bystin function across species and may also suggest therapeutic strategies against cancer.
